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Abstract 

We make a novel observation about the decoherence phenomenon of the fermion in the Witten's 

■^": 

^^ ■ supersymmetric (SUSY) quantum mechanical model. It is shown that, when the bosonic partner 

O ; 

CN \ in the SUNY model is unobservable in a certain energy scale, the quantum coherence meant by the 

superposition of fermion states can not be preserved for a long time due to the quantum decoherence 

induced by the overlooked boson. This refers to a supercharge superselection rule similar to the 

V^J . charge superselection. We numerically calculate the decoherence factor characterizing the extent 



o 



X 



of decoherence . The obtained result shows the periodic decoherence with finite quantum jump. 



(N 

\^ • Some analytic results under the harmonic approximation for the superpotential can be obtained 

o ■ 

■nj- . to confirm the numerical calculations. 
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The original idea of supersyinmetry (SUSY) is rooted in the generahzation of the Poincare 
symmetry for the relativistic quantum field theory |1|. Though the SUSY can not finally be 
confirmed as the successful way to unify the nature laws of particle physics, the SUSY 
has become a major method in non-relativistic quantum physics after its one dimensional 
model was built by E. Witten[2]. Its successful applications could be found in many fields 
in physics, such as, statistical physics and atomic physics 3]. However, the existence of the 
SUSY partners of boson or fermion predicted by the SUSY theory in high energy physics 
has not been discovered experimentally so far. The popular explanation for this fact is to 
emphasize that the energy scale at which SUSY particles may occur should be much higher 
than that in all current experiments J] . In this paper we will take into account the fact 
of "no- finding" of SUSY partner from a "new angle". Our central idea comes from the 
quantum decoherence theory 

Let us recall the superselection rule that can explain why there does not exist the long life 
superposition of the states of neutron and proton though they belong to a double sector of 
isospin. The basic understanding for this phenomenon is the isospin symmetry breaking due 
to the electromagnetic interaction. From the point view of quantum decoherence jq] , the the 
different ways of interaction between the electromagnetic field and the neutron and proton 
will force the electromagnetic field to evolve into two distinguishing states respectively and 
then the states of two different isospin states, the neutron and proton, entangle with them. 
This entanglement will result in the adiabatic decoherence |2| in a formal superposition of 
the state of neutron and proton. We notice that L. H. Ford has studied similar problem for 

n 

the electron coherence with a detailed calculation [3]. As he showed, due to the coupling of 
the electron to the quantized electromagnetic field, the influences of both of photon emission 
and of the electromagnetic vacuum fluctuations can lead a decrease in the amplitude of the 
interference oscillations, a kind of quantum decoherence. 

Actually, in any non-trivial SUSY theory, there must exists the coupling between the 
boson (fermion) and its fermion (boson) partner. If the SUSY partner of a particle is 
invisible in an experiment, its quantum information can be lost into the subspace for the 
SUSY partner. In other words, if there exists a SUSY system in nature, the observed boson 
(or fermion) could not be preserved in a pure state (a quantum superposition) for a long time 
since its unobservable SUSY partner can induce its quantum decoherence. This argument 
shows that the quantum decoherence can result in a superselection rule, which forbid some 



state superpositions of the SUSY particles. 

Now we demonstrate the above arguments by making use the simplest, but non trivial 
SUSY quantum mechanical model - the N = 2 SUSY quantum system introduced by E. 



a. 



Witten|2l. The Witten's SUSY model for A^ = 2 is defined with two super-charges 

on the Hilbert space H = L'^{R) ® C^. Here L'^{R) is the space of real- valued function and 
C^ is the spin space; {aj \j = 1,2,3} are the Pauli matrices. The real function W{x) of 
the Cartesian coordinate x is customarily called SUSY potential. With these notations, the 
SUSY Hamiltonian 

H = 2Ql = 2Q\ (2) 

can be explicitly written as 

^ = ^ + W^'(^) + -^W\x)a^. (3) 

2m V2m 

This Hamiltonian can also be expressed in the block-diagonal form in the as-picture 

(4) 




Here, the Hamiltonian in the diagonal blocks are 

^± = ^ + W^'(^) ± ^W^'(^) (5) 

which acting on the spatial space L'^{R). In fact, in this model, we can understand the above 
Witten model as a composite system with coupling boson and fermion. Let us define the 
boson creation operated 



and the fermion creation operator 



/t = a+ = i {cr^ + la,) (7) 



where cj is a constant determined by the function W{x). Then the above Hamiltonian can 
be written in the form 



H = huj{b^b+-] +W^ 



h 
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+ b) 



-— {b^ + b) + ^=W' 
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+ 6) (2/t/-l). 



(8) 



Based on the quantum decoherence theory, we can make a crucial observation about 
the SUSY Hamiltonian. The SUSY Hamiltonian describes a quantum-measurement-like 
process J9|, since the interaction part 

n 



H, 



'2/m 



W\x)a:, 



(9) 



commutes with a^ , but does not commutes with the spatial part 

^0 = ^ + W\x) 
2m 



(10) 



Thus the SUSY model a Stern-Gerlach type quantum measurement about the fermion vari- 
able. In other word, if the system is initially prepared in the different as-eigen states 
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(11) 



the spin part acts on the spatial part with with different "forces" depicted by the different 
effective superpotentials[7| 

n 



V±{x) = W\x) ± 
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-.W'(x). 



(12) 



These actions will create the quantum entanglement between the spin part and the spatial 
part. Actually, the SUSY coupling Hj dose not change the internal energy of the fermion 
part due to [Hj, a^] = 0,but the non-zero commutators [Hj, Hq] ^ implies that the spatial 
part can record the information of fermion with the differnt forces 



F± = -2W{x)W'{x) T -^W''{x) 

\/2m 

This is just all story from the so-called quantum nondemolation measurement 



(13) 
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To demonstrate the creation of quantum entanglement, we assume the SUSY system is 
initially prepared in a factorized state 

|^(O)) = (C+|+) + C_|-))®|0) (14) 

where |(/)) describes the initial spatial wave packet </)(x) = {x\(f)). Driven by the SUSY 
Hamiltonian, this system will evolve into an entangled state 

m)) = c+ 1+) ® \Mt)) + c- 1-) ® i0-(t)) (15) 

where 

|0±(t))=exp(-zif±t)|0±(O)) (16) 

depicts the two-channel evolution of the SUSY system. However, lipit)), in usual, is not 
an orthogonal decomposition (or a Schmidt decomposition) since |0+(t)) and |0_(t)) are 
not orthogonal with each other [10|. In the context of quantum decoherence theory|i3i], we 
introduced the decoherence factor 

D(t) = (0+(t)|0_(t)) (17) 

whose norm |-D(t)| measures the extent of orthogonalization or the entanglement. It was 
even pointed out that D{t) also characterize the extent of decoherence of the spin part when 
the spatial part of SUSY is overlooked in certain situation. 

Actually, if we discard the spatial variable of the SUSY system for some physical consid- 
eration, we only need the reduced density matrix 

p = Tr^iim) mm = \C+f |+) (+| + \C-f H H + {C^C*_ \+) {-\D{t) + h.c) (is) 

to deal with the physical processes concerning the spin variable only. Obviously, when 
D{t) = 0, the spin part of the SUSY system lose its all quantum coherence into the spatial 
part and then the reduced density matrix becomes of diagonal type, i.e., 

P^P,^g = \C^\'\ + ){+\ + \C-f\-){-\. (19) 

It is very similar to the description of double-slit interference with "which- way" detection. If 
one can precisely determine which slit the particle will go through, the interference pattern 
disappears. 



From the above arguments it can be concluded that, if we consider the spin 1/2 variable 
of the SUSY system as the fermionic degree of freedom, while the spatial parts as the 
bosonic degree of freedom, the quantum decoherence of the fermion part can be induced by 
overlooking the motion of the bosonic part. This implies that if we can not measure both the 
bosonic degrees of freedom in an experiment, the observed part ( fermion) can not preserve 
its quantum coherence since the bosonic part act as an environment to monitor the Fermion 
system. 

To quantitatively analyze the extent of decoherence of fermion in the SUSY system, we go 

the details in the calculation of the decoherence factor. Let us first to test the calculation in 

analytical way with the harmonic approximation. The superpotential V±{x) can be expanded 

in the terms oi x — Xq up to second order around the two equilibrium points x^ satisfying 
/ Tlje result i^. just, the harmonic approximation 

V±{x) = l^±(4) + lm{u;^)\x - x^f (20) 



where 



m(uj, 



±^2 



^2m,^ o / I X ,^ / / I X h 



.0 ; - 2W'^ (x^) T ^^W' {x^) W' {xt) ± ^W"\x^). (21) 

Furthermore, we can write down the Hamiltonian for the two diagonal blocks in terms of 
the creation and annihilation operators as 

H± = hu^hih^ + /± (hi + 6±) + ^0^= (22) 

where 



h 

f± = -m{uJo ) Xq 



2mLJ, 



E^ = V^{x^) + ^miu^fxf. (23) 

Obviously, the above Hamiltonian depict two forced harmonic oscillators with different ex- 
ternal forces 

F = miu^M (24) 

They will drive the two blocks evolve along two difference trajectories |3]. The decoherence 
factor depends on the overlap of the two wave packets along with two trajectories. The 
numerical calculation of the overlapping integral shows the phenomenon of quantum jump 
in the progressive decohrernce. The quantum coherence will revive in periodic time domain. 
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FIG. 1: The harmonic approximation is taken in the SUSY system. The superpotential V±{x) is 
expanded in the terms of x — xq up to second order around the two equihbrium points Xq . 



This is substantially due to the reversibility of the Schrodinger equation for the quantum 
system with finite degrees of freedom. This progressive decohrernce phenomenon was found 
even theoretically in reference [9| in 1993, and the possibility of implementing its observation 
in cavity QED experiment was also pointed out by us in ref. [ll|. In 1997 it was also 



independently discussed 



12[ with another cavity QED setup. 



Under the harmonic approximation we can obtain the results analytically. We explicitly 
solve the Schrodinger equations of the evolution operators U± (t) in the interaction picture 



with the Wei-Norman Ansatz 



U±it) 



o'i-'P±{'t) 



expe 



a±{t)blB±{t)b± 



eiQ±it)jj ^A± (^)] 



(25) 



where 



D[A-_ 



exp 



Alb+ - A+bl 



±(^± 



(26) 



are the displacement operators generating the coherent states \a±{t)) = D [A±- (t)] |0) and 



iQ±{t) = ip±-^\A±{t)f 



A± (t) = -a± (t) 



9± 



UJn 



[exp [iuj^tj — l] . 



(27) 



The time -dependent coefficients p±. (t), a±. (t) and f3± (t) can be determined by solving the 
differential equations about them exactly 



A. 

±2 



UJ, 



a± (t) = J [exp (iu^t) - l] , 

I3± it) = ^ [exp {-tuj^t) - 1] , 

UJr. 



[exp (— icujt) — l] 



(28) 



where g± = f±/h.. In the position reprsetation they just are the two wave packets 

^±i't,x) = {x\a±{t)) (29) 

which is illustrated in Fig2. 

By a straightforward calculation we can analytically obtain the decoherence factor as 

D (t) = (^+ (t)| ^_ (t)) = (0| Ul (t) f/_ (t) |0) = e*0-W-^Q+W X 



exp 



-i (^A+W - aIy) (a^X - A+V) - (^A+W - aIy) A_ - ^ \A_ (tA) 
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FIG. 2: The schematic ihustration of the wave packet evolves in the SUSY potential. 



To illustrate the above forinulisin visually, a simple example 

W = -^Cx^ 
V2 



(32) 



is chosen here. In the following we take m = % = 1 ioi simplicity. It is easy to find that 

T 




xt = ±\l ^, uj^ =uJo = 6C 
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and 



D (t) = exp 



^9± . 2 ^0^ \ f . 2-2 '^O* 
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exp I —AujoXq sin 



(33) 
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FIG. 3: The decoherence factors as function of time for c = 0.1, 0.5, andl.O. 

This calculations under the harmonic approximation confirm the numerical prediction about 
the quantum jump in the progressive decoherence, which is plotted in Fig. 3 for c = 
0.1,0.5,1.0. 

Finally we conclude this paper with two remarks. 1. For the quantum decoherence 
phenomenon in high energy regime, we even studied the quantum decoherence in neutrino 
flavor oscillation caused by an environment surrounding neutrinos |il3>]. In this way, the Ellis, 
Hagelin, Nanopoulos and Srednicki (EHNS) mechanism |l4l| for solving the solar neutrino 
problem can be comprehended in a framework of the ordinary quantum mechanics. Because 
the two kinds of neutrinos have the different interaction the weak- coupling environment. 
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a microscopic model was proposed to describe the transition of two neutrino system from a 
pure state to a mixed state. It gives the modified formula of survival probability of neutrino 
oscillation with two additional time-dependent parameters. For specified environments, this 
result shows that the oscillating phenomena of neutrino still exist even without a mass 
difference in free neutrino. 2. As has been mentioned in the beginning of this paper, the 
SUSY was originally invoked to particle physics in search of the gainful unification of nature 
laws with space-time and internal symmetries. The self-consistent physics in usual works 
well in the four dimensional quantum field theory. Our arguments about the decoherence 
induced by the invisible SUSY partners seem to be limited to the non-relativistic regime 
and thus are not able to resolve the final problem in SUSY theory. However, we believe that 
our central idea can be generalized for the relativistic quantum field theories. In this sense, 
the facts revealed in our studies in the non-relativistic can be universal. We have to point 
out the possible problems in our studies that the quantitative relations between the extent 
of decoherence and the SUSY coupling predict the fundamental SUSY gauge theories. 
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